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Abstract 
Residential micro-grid can reduce the household’s electricity expense as well as shift the electricity demand from 
peak time to valley time. Optimal management of a typical residential smart micro-grid is conducted using a proposed 
model in the present study. In the optimal management, the real-time pricing mechanism, feed-in-tariff for 
Photovoltaics (PV) power as residential electricity generators, and residential appliances are considered. Four scenarios 
are studied and the result shows that the real-time pricing mechanism shifts effectively the electricity consumption from 
time peak time to valley time, and different feed-in-tariff of Photovoltaic (PV) can shift the energy consumption of 
micro-grid between periods with strong solar irradiation and weak solar irradiation. 
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1. Introduction 
Nowadays, distributed power generation, electricity storage technology, and smart grid systems have 
penetrated into residential sector, and homeowners can control their electricity consumption in real time 
according to the real-time electricity price.  In this way, the demand and supply can be better matched and 
more intermittent renewable energy can be integrated easily.  
Some existing works have focused on the residential micro-grid. Lucia Igualada has proposed an 
optimization model including a residential micro-grid with a vehicle-to-grid system [1]. Jorge Valenzuela 
has studied the consumer response to dynamic pricing using an integrated EMCAS model [2]. Akihiro Yoza 
contributed to formulate a model to calculate the optimal capacity of PV in a smart house considering feed-
in-tariff (FIT) and subsidy [3]. There are still many good papers [4,5] working on the load commitment in 
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a smart house. 
In this study, a smart residential micro-grid system is proposed, which consists of PV panels, electricity 
storage devices and electricity loads, the residential is connects to the big grid. The solar radiation and the 
price of electricity which change over time were studied in order to find the optimal control of the residential 
micro-grid. Two kinds of electricity appliances are considered, including (I) regular-used, such as lights, 
TV etc.; and (II) irregular-used, such as the dish-washing machine and the washing machine. The excess 
electricity generated by PV panel can be sold to the grid. The objective is to find the least cost solution with 
decision of which unit should run at what time subject to energy requirements and technical constraints.  
This paper combined load commitment problems with solar power, dynamic price and FIT and addressed 
the different impacts of different electricity pricing mechanism and different FIT systems. 
 
2. Methodology 
In the present study, a mix-integer non-linear optimization model has been proposed and developed by 
using GAMS. The model is used to find the least cost operation patters of the controllable electric 
appliances subject to real-time electricity price, PV generation and appliance operation demand.  
The smart micro-grid model proposed is modeled as a mixed non-linear program. The problem is 
modeled over a finite planning horizon. The time intervals are denoted by t, the planning horizon consists 
of the periods 
 ൌ ͳǡ ʹǡ ǥ ǡ  
The duration of the time intervals is ο். 
The electricity storage system (ESS) can be charged or discharged. At each time interval t, the state of 
ESS can be describe by equations (1)-(3), 
 
ாܲௌௌିூேିெூே ൈ ܵாௌௌିூேǡ௧ ൑ ாܲௌௌିூேǡ௧ ൑ ாܲௌௌିூேିெ஺௑ ൈ ܵாௌௌିூேǡ௧                                                     (1) 
 
ாܲௌௌିை௎்ିெ஺௑ ൈ ܵாௌௌିை௎்ǡ௧ ൑ ாܲௌௌିை௎்ǡ௧ ൑ ாܲௌௌିை௎்ିெ஺௑ ൈ ܵாௌௌିை௎்ǡ௧                                        (2) 
 
Ͳ ൑ ܧܨܨாௌௌିூே ൈ σ ாܲௌௌିூேǡ௞௧௞ୀଵ െ σ ாܲௌௌିை௎்ǡ௞௧௞ୀଵ ൑ ܥாௌௌ                                                            (3) 
 
where ாܲௌௌିூேǡ௧ is the power input of the ESS in time interval t, ாܲௌௌିை௎்ǡ௧ is the power output of the ESS 
in time interval t. ாܲௌௌିூேିெூே and ாܲௌௌିூேିெூே are the minimum and maximum input of the ESS 
respectively every time interval it is online while ܲܧܵܵെܫܰെܯܫܰ and ாܲௌௌିை௎்ିெ஺௑ are the minimum and 
maximum input respectively. ܵாௌௌିூேǡ௧ is the work SOC, 
 
ܵாௌௌିூேǡ௧ ൌ ൜Ͳǡݓ݄݁݊ܧܵܵ݅ݏ݊݋ݐ݄ܿܽݎ݃݅݊݃ͳǡ ݓ݄݁݊ܧܵܵ݅ݏ݄ܿܽݎ݃݅݊݃                                                                                     (4) 
 
and ܵாௌௌିை௎்ǡ௧ is the work state of discharge 
 
ܵாௌௌିை௎்ǡ௧ ൌ ൜Ͳǡݓ݄݁݊ܧܵܵ݅ݏ݊݋ݐ݀݅ݏ݄ܿܽݎ݃݅݊݃ͳǡ ݓ݄݁݊ܧܵܵ݅ݏ݀݅ݏ݄ܿܽݎ݃݅݊݃                                                                              (5) 
 
ܥாௌௌ is the capacity of the ESS. 
The electricity appliances are grouped into two groups depending on how the load can be controlled: 
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x Non-controllable appliances (NCA): appliances that must work in the certain time. These appliances 
can be described by equation (6)-(7), 
 
ܵே஼஺ି௜ǡ௧ ൌ ൜Ͳǡ ݓ݄݁݊ݐ ്  ݐே஼஺ି௜ͳǡ ݓ݄݁݊ݐ ൌ  ݐே஼஺ି௜                                                                                                      (6) 
 
ேܲ஼஺ି௜ǡ௧ ൌ ேܲ஼஺ோି௜ ൈ ܵே஼஺ି௜ǡ௧                                                                                                            (7) 
where ܵே஼஺ି௜ǡ௧ is the work state of the i-th NCA in time interval t, ݐே஼஺ି௜  is the time interval that the i-th 
NCA should work. And ேܲ஼஺ି௜ǡ௧ is the operating power of the i-th NCA in time interval t while ேܲ஼஺ோି௜ is 
the rated power of the i-th NCA. 
x Controllable appliances (CA): appliances of which the work time can be shifted in the planning 
horizon. These appliances can be described by equation (8)-(11), 
 
ܵ஼஺ି௝ǡ௧ ൌ ൜
Ͳǡ ݓ݄݁݊ݐ ്  ݐ஼஺ି௝
ͳǡ ݓ݄݁݊ݐ ൌ  ݐ஼஺ି௝                                                                                                           (8) 
 
ݐ஼஺ି௝ א ஼ܶ஺ି௝                                                                                                                                      (9) 
 
஼ܲ஺ି௝ǡ௧ ൌ ஼ܲ஺ோି௝ ൈ ܵ஼஺ି௝ǡ௧                                                                                                                (10) 
 
σ ܵ஼஺ି௝ǡ௧௞்ୀଵ ൌ ܴ ௝ܶ                                                                                                                             (11) 
 
where ܵ஼஺ି௝ǡ௧ is the work state of the j-th CA in time interval t, ݐ஼஺ି௝ is the time interval that the j-th CA 
should work. ஼ܶ஺ି௝ is the subset of the planning horizon in which the work time of the j-th CA can be 
shifted. ஼ܲ஺ି௝ǡ௧ is the operating power of the j-th CA in time interval t while ஼ܲ஺ோି௝ is the rated power of 
the j-th CA. And ܴ ௝ܶ is the period that j-th CA needs run during the whole planning horizon. 
The output of photovoltaic (PV) panel is only related to the capacity of the PV panel and the solar 
radiation condition. This can be expressed as equation (12). 
 
௉ܲ௏ǡ௧ ൌ ܶ ൈ ݓ݁ܽ௧ ൈ ο்                                                                                                 (12) 
 
where ௉ܲ௏ǡ௧ is the output power of the PV panels in time interval t, TPV is the total installed PV capacity 
and ݓ݁ܽ௧  is the weather condition in time interval t.  
The electricity price in time interval t is ݌௘ǡ௧ at which the household can buy electricity from or sell excess 
electricity to the large power grid at liberty. The ݌௘ǡ௧ can change over time. The total electricity expense 
of the household from t=1 to t=T is 
 
 ൌ σ ൛ൣ൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ െ ௉ܲ௏ǡ௧൧ ൈ ݌௘ǡ௧ൟ௧்ୀଵ          (13) 
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The objective of the smart micro-grid model is to minimize the total electricity expense, so the objective 
function is  cost, and the constraints are equations (1)-(12). Particularly, the negative cost 
means the household can earn money. 
When taking the feed-in-tariff-1 into consideration, the cost will turn to be 
 
ܿ݋ݏݐிூ భ் ൌ σ ቊ
ൣ൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ െ ௉ܲ௏ǡ௧൧
ൈ ݌௘ǡ௞ െ ௉ܲ௏ǡ௧ ൈ ி݂ூ భ்
ቋ௧்ୀଵ   (14) 
Where ி݂ூ భ் is the subsidy for every kW electricity generated by PVpanels. 
When taking the feed-in-tariff-2 into consideration, the cost will turn to be 
ܿ݋ݏݐிூ మ் ൌ σ ൜
ൣ൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ െ ௉ܲ௏ǡ௧൧
ൈ ݌௘ǡ௞ ൠ௞்ୀଵ   
൅σ ௉ܲ௏ǡ௧ ൈ ൫݌ிூ మ் െ ݌௘ǡ௞൯௞ୀ ೛்ೡభ   
൅σ ቊൣ൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ െ ௉ܲ௏ǡ௧൧ൈ ሺ݌ிூ మ் െ ݌௘ǡ௞ሻ
ቋ௞ୀ ೛்ೡమ   
(15) 
 
where ௣ܶ௩ଵ is the time periods in which equation (16) is met 
 
൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ ൏ Ͳ                                                 (16) 
 
and ௣ܶ௩ଶ is the time periods in which equation (17) is met 
 
൫σ ேܲ஼஺ି௜ǡ௧ ൈ ο்௜ ൯ ൅ ൫σ ஼ܲ஺ି௝ǡ௧ ൈ ο்௝ ൯ ൅ ாܲௌௌିூேǡ௧ െ ாܲௌௌିை௎்ǡ௧ െ ௉ܲ௏ǡ௧ ൏ Ͳ                                     (17) 
 
And ݌ிூ మ் is the price at which the household can sell the redundant solar power generated by the installed 
PV panels to the power grid. 
So, the objective of the smart micro-grid model including feed-in-tariff-2 is to minimize the ܿ݋ݏݐிூ మ் 
subjecting to constraints (1)-(12). Particularly, the negative ܿ݋ݏݐிூ మ் means the household can earn money. 
 
3. Scenario Analysis 
In order to analysis the impacts of the electricity pricing mechanisms and PV feed-in-tariff mechanism 
on the load management of the smart micro-grid, the analysis of the two factors were conducted. Four 
scenarios are proposed: in the first scenario, the electricity price is a fix price 0.55 RMB/kWh which is the 
current electricity price in China, and there is no PV subsidy; in the second scenario, the real-time pricing 
is employed but no PV subsidy; in the third scenario, real-time pricing with feed-in-tariff-1 is used, in which 
the household would get 0.2 RMB/kWh for gross electricity generated from PV; in the fourth scenario, 
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there is real-time pricing with feed-in-tariff-2, in which the PV power will be used firstly for household and 
the household can sell the excess PV power (net electricity) at the price 0.9 RMB/kWh.  
3.1 Data 
The scenario analysis is conducted in a seven representative days which are picked out throughout a full 
year as is shown in Table 1. The electricity price, solar irritation, and device technology properties are listed 
in the following Table 2 and Fig. 1&2. The real-time electricity price is linearly decided by the real-time 
demand-supply balance [7] with the highest electricity price 0.877 RMB/kWh, sothat the average electricity 
price of the real-time price is equal to the fix price in the first scenario, as is shown in Fig.1. The PV panel 
capacity is set to be 2.5 kW, which is an optimal capacity according to [3]. 
Table 1 Amount of seven kinds days in one year[7] Table 2 Appliances property[6] 
 
 Category Days 
1 Max 3 
2 Summer Workday 82 
3 Winter Workday 83 
4 Mid Workday 80 
5 Summer Holiday 37 
6 Winter Holiday 38 
7 Mid Holiday 42 
 
Category Appliances Rated Power(kW) Operation Hours 
CA 
Dish Washing Machine 0.8 14 
Washing Machine 1.0 14 
Vacuum Cleaner 
Water Boiler 
0.3 
2 
7 
7 
NCA 
Light 0.06 - 
TV 0.2 - 
Central Control 0.05 - 
Other (air condition etc.) 0.8 - 
 
Table 3 Electricity Storage System property [6] 
State Efficient (%) Capacity (kWh) Max power (kW) Min power (kW) 
Charge 95 0.5 20 0.1 
Discharge 95 0.5 20 0.1 
 
  
Fig. 1 Hourly electricity price Fig. 2 Hourly solar irradiation[7] 
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3.2 Fix price scenario (FP) 
The total electricity expense of the household in the whole year is 1494.46 RMB. Arranging the 
electricity appliance in each time period is indifferent. 
3.3 Real-time price scenario (RTP) 
When the real-time pricing is used, the household can benefit from the smart micro-grid. In this study, 
the typical household’s electricity expense is 1263.47 saving 230.99 RMB in the whole year by charging 
the ESS when electricity price is low and selling the redundant electricity to the power grid when the 
electricity price is high. 
3.4 Real-time price with feed-in-tariff-1 (RTPF1) 
The feed-in-tariff-1 didn’t affect the optimal commitment of the electricity appliances but only decrease 
the household’s expense. In this study, the typical household only spends 724.66 RMB in the whole year. 
Comparing to situation in RTP, the extra 538.81 RMB is the feed-in-tariff. 
3.5 Real-time price with feed-in-tariff-2 (RTPF2) 
The feed-in-tariff-2 can decrease the household’s expense from 724.66 RMB in RTPF 1 to 690.71 
RMB. As is shown in Fig. 3, the electricity consumptions in the typical mid holiday of the mentioned four 
scenarios, while the consumption on the other days performs in a similar way. The circled part implies that 
the real-time pricing mechanism can shift the electricity demand from peak time to valley time but the FIT 
2 contributes more to shift the electricity consumption to time periods in which the solar irradiation is 
weaker. However, the time periods with weak solar irradiation can sometimes be the electricity demand 
peak. 
 
 
Fig. 3 Electricity consumptions in the Mid Holiday in different scenarios 
 
4. Conclusion 
An MINLP model was developed to analyze the optimal load commitment of a typical micro-grid. The 
model was applied to four scenarios. The four scenarios include fix electricity price, real-time electricity 
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price, real-time electricity price with FIT1 and real-time electricity price with FIT2, respectively. The 
household would spend 1494.46 RMB, 1263.47 RMB, 724.66 RMB and 690.71 RMB in the four scenarios 
respectively. It can be concluded that real-time pricing and PV FIT are meaningful for a smart residential 
micro-grid, for they can not only decrease the household’s electricity expense but also shift the household’s 
electricity consumption from peak time to valley time.  
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